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Last two decades have witnessed the significant exploitation of many plant growth-promoting rhizobacteria (PGPR) as 
bioinoculants and biocontrol agents (BCAs). However, PGPR with potential of producing multiple biocontrol traits along 
with heavy metal stress tolerance and ACC deaminase activity are expected to control phytopathogens and increase 
tolerance of crop to heavy metal stress, thus helping in bioremediation of heavy metal ions and reducing ethylene level in the 
root zone. The present work reports the production of multiple biocontrol traits like ammonia (NH3), hydrogen cyanide (HCN), 
siderophore (79%), ACC deaminase (0.8 µM/mg/h), chitinase (9.7 U/mL) and tolerance to heavy metal ions (3200 μg/mL) and 
trace minerals in Enterobacter sp. PR14 isolated from the model organic farm of Sam Higginbottom University of 
Agriculture, Technology and Sciences (SHUATS), Allahabad, India. Elimination of plasmid in the organism resulted in the 
loss of tolerance of heavy metal ions and trace elements, indicating the role of the plasmid in heavy metal tolerance. 
Keywords: PGPR, Biocontrol agents, Bioinoculants, ACC deaminase, Ammonia, Chitinase, HCN, Siderophore, Plasmid 
curing 
Plant Growth Promoting Rhizobacteria (PGPR) based 
bioinoculants and biocontrol agents (BCAs) have 
gained significant importance as the best alternatives 
to traditionally used hazardous agrochemicals
1,2
. 
Understanding the fundamental mechanisms 
employed by PGPR should expedite their acceptance 
as the best suitable and effective adjuncts to 
agrochemicals.  
PGPR control phytopathogens through the 
production of various metabolites like ammonia 
(NH3), hydrogen cyanide (HCN), siderophores
3
, ACC 
deaminase, and chitinase, etc
1,4
. Production of volatile 
compounds such as NH3 is yet another indirect 
mechanism used by PGPR for plant growth promotion 
and biocontrol of phytopathogens
3,5,6
. Production of 
HCN is one of the important metabolites produced by 
PGPR to inhibit phytopathogens
7
. It is produced in 
Gram-negative bacteria as a secondary metabolite 
from glycine under the influence of HCN synthase
8
. 
Among the various volatile compounds, HCN is a 
well-studied metabolite, it’s cyanide ion inhibits most 
metalloenzymes, especially copper-containing 
cytochrome c oxidases of phytopathogens
4
, and hence 
HCN producing BCAs have been employed 
successfully to control phytopathogens.  
Chitinase is a chitin-degrading enzyme that 
hydrolyzes the chitin present in the cell walls of 
fungal phytopathogens and plays an important role in 
the biocontrol of fungal pathogens and plant defense 
mechanisms
9,10
. 
Siderophores are low molecular weight iron-
chelating compounds that chelate the iron and prevent 
the iron nutrition of phytopathogens
11-14
. Besides 
biocontrol, siderophore producing PGPR provides 
iron nutrition to crop plants
14
. 
The enzyme l-amino cyclopropane I carboxylate 
(ACC) deaminase helps tolerate drought and salt 
stress. The enzyme lowers the level of ACC, at this 
suboptimal level of ACC ethylene production in the 
plant roots is limited. Reduced level of ethylene 
increases root length, and larger roots absorb more 
nutrients, and thus increases crop yield
15,16
. 
Although many PGPR strains are known to 
produce one or more biocontrol and plant growth-
promoting traits, a bacterium having potentials of 
producing array of these traits along with stress-
tolerant hormone and capable of growing in presence 
of heavy metal ions can be a dynamic PGPR strain 
and needs to be explored fully, hence present work 
—————— 
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was undertaken to isolate PGPR producing multiple 
biocontrol traits, stress-tolerant enzyme (ACC 
deaminase) and capable of growing under heavy 
metal ions stress, in addition, the role of plasmids in 
heavy metal tolerance by the organism was also 
undertaken.  
 
Materials and Methods 
 
Bacterial culture  
Enterobacter sp. PR 14 was isolated from the 
model organic farm of SHUATS, Allahabad, 
India. 
 
Identification of bacterial isolate  
 
Phenotypic characterization 
The isolate was identified based on its 
morphological and biochemical characteristics as per 
Bergey’s manual of determinative bacteriology17. For 
this purpose, Enterobacter sp. PR 14 was cultured on 
pre-sterilized biochemical kits (Hi-Media, Mumbai, 
India) at 30°C for 24 h and observed for its ability to 
utilize different carbon sources.  
 
16S rRNA sequencing  
The sequencing of 16S rRNA genes of the isolate 
was carried out as per the method of Sambrook & 
Russel
18
 by using Hi-PurA™ Plant Genomic DNA15. 
Miniprep purification spin kit (Hi-Media, Mumbai, 
India). The 16S rRNA sequences were analyzed with 
gapped BLAST (http://www.ncbi.nlm.nih.gov) search 
algorithm15. The closely related sequences were 
aligned by CLUSTAL-W using MEGA version 4.0 
software and the evolutionary distances were 
computed using the neighbor-joining method and the 
isolate was identified on the basis of similarity of its 
16S rRNA genes with that of the gene sequence of 
known organisms in NCBI database. 
 
Screening and production of biocontrol traits  
 
Screening for production of ammonia (NH3) 
Screening for the production of NH3 was analyzed 
by growing the log culture of Enterobacter sp. PR14 
in 10 mL of peptone water at 30°C for 48-72 h at 120 
rpm followed by the addition of 50 μL of Nessler's 
reagent and observation of the development of colour 
yellow-brown colour as an indication of ammonia 
production
19
. 
 
Production of hydrogen cyanide (HCN)  
For screening of HCN production Enterobacter sp. 
PR14 (5×10
5
 cells/mL) was grown at 30°C for 4 days in 
King’s medium amended with glycine (4.4 g/L) and 
Whatman filter paper No. 1 soaked in a mixture of 
sodium carbonate (2%) and picric acid (0.5%) solution 
placed at the top of the plate, and observed for 
development of yellow to red colour on the filter paper
20
. 
 
Screening for production of siderophore 
The ability of Enterobacter sp. PR14 to produce 
siderophore was checked by growing it (5×10
5 
cells/mL) 
on chrome azurol sulphonate (CAS) agar plate 
containing g/L, K2HPO4, 3.0; KH2PO4, 2.0; 
MgSO47H2O, 0.2; NH4SO4, 1.0; succinic acid, 4.0; 
agar, 2.5 and CAS reagent at 30
o
C for 48-72 h
21
 and 
observed for development of yellow-orange halo 
around the growth of Enterobacter sp. PR14
22
. 
For siderophore production, Enterobacter sp. PR14 
(5×10
5
 cells/mL) was grown in at 30°C at under 
shaking (120 rpm) for 48-72 h. After incubation, the 
broth was centrifuged at 10000 rpm for 20 min
21
 and 
the detection of siderophore from the cell-free 
supernatant was carried out by CAS test
23
. 
Quantitative estimation of siderophore was carried out 
by CAS shuttle assay
23
 and the amount of siderophore 
present in the broth was expressed as % siderophore 
units (SU)
24
.  
 
Production of ACC deaminase 
For detection of ACC deaminase activity of 
Enterobacter sp. PR14, it was grown on minimal 
medium (MM) containing g/L, KH2PO4, 2.0; 
K2HPO4, 0.5; MgSO4, 0.2 and glucose, 0.2; ACC, 0.3 
or (NH4)2SO4, 0.19 at 30°C for 24-72 h and observed 
for the appearance of bacterial growth
25
. ACC 
deaminase activity was measured by growing the 
isolate in MM containing 5 mM of (NH4)2SO4 as a 
substitute of ACC at 30°C at 200 rpm for 48-72 h to 
induce the production of ACC deaminase. Following 
the centrifugation of broth, ACC deaminase activity 
was estimated by measuring the production of  
α-ketobutyrate generated by the cleavage of ACC26. 
The amount of α-ketobutyrate produced was 
measured from the calibration curve prepared with  
α-ketobutyrate (0.1 and 1.0 μM). The ACC deaminase 
activity was expressed as the amount of α-keto-
butyrate produced per mg of protein per h
26
. 
 
Screening for production of chitinase 
Screening for chitinase production was carried by 
growing Enterobacter sp. PR14 (5×10
5
 cells/mL) on 
MM containing colloidal chitin, 0.5%; Na2HPO4, 
0.2%; KH2PO4,0.1%; NaCl, 0.05%; NH4Cl, 0.1%; 
MgSO4.7H2O, 0.05%; CaCl27H2O, 0.05%; yeast 
extract, 0.05% at 30°C for 4-6 days, and observed for 
zone of chitin hydrolysis around the colony
27
. 
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Chitinase activity was determined by incubating 1 mL 
of culture supernatant with 1 mL of 1% colloidal chitin 
in 0.05 M phosphate buffer, (pH 7.0) at 30°C for 1 h
28
. 
After centrifugation of the reaction mixture, the amount 
of N-acetyl-d-glucosamine (GlcNAc) released in the 
supernatant was determined as per the method of 
Miller
29
 using GlcNAc as a standard (100-1000 μM). 
One unit of chitinase activity was defined as the 
amount of enzyme that liberated 1 μMo f GlcNAc per 
h under the conditions of the study. Protein estimation 
was carried out as per Lowery et al.
30
.
 
 
Tolerance to heavy metals and trace elements 
The ability of the isolate to tolerate heavy metals 
and trace elements was detected by agar diffusion 
method
23
. For this purpose each nutrient agar (NA) 
was separately amended with 0.6 to 3200 µg/mL 
concentration of various soluble heavy metals like Cr, 
Pb, As, Ag, Au, Hg and trace elements like Al, Zn, 
Mo, Mn, Cu, Ni and separately grown with log 
culture of isolate at 30°C for 48 h. Plates were 
observed for the presence or absence of growth and 
degree of growth was taken as a degree of tolerance 
or resistivity to heavy metal ions. 
 
Plasmid curing 
A log culture of Enterobacter sp. PR14 was grown in 
Luria-Bertani (LB) medium containing 100 µg/mL of 
acridine orange (mutagenic agent) solution at 30°C for 
24 h followed by dilution (1:100) with fresh LB 
containing sub-lethal concentrations of markers, such as 
penicillin (10 µg/mL), tetracycline (5 µg/mL) and 
chloramphenicol (10 µg/mL), and grown at 30°C for 
30-45 min under shaking at 100 rpm to ensure 
expression of antibiotic resistance genes followed by 
addition of penicillin G (104 U/mL) and shaking for  
1.5 h, surviving cells were harvested by centrifugation 
(10000 rpm for 10 min), suspended to the same volume 
in saline, and plated on non-selective LB agar for 24 h 
at 30°C, the colonies were then replica plated onto LB 
agar containing specific antibiotic (penicillin) at 
inhibitory concentrations and re-incubated for 24 h at 
30°C. Other antibiotic markers (tetracycline and 
chloramphenicol) were also tested to make sure the loss 
of plasmid DNA and that a mutation had not occurred
31
. 
 
Tolerance to heavy metals and trace elements after plasmid 
curing  
The cured cells were grown on the NA agar 
sseparately supplemented with various metal ions by 
agar diffusion method as mentioned above
22
. Each 
plate was incubated at 30°C for 48 h and observed for 
the ability of Enterobacter sp. PR 14 to tolerate and 
grow in the presence of heavy metal ions. The 
presence or absence of growth was taken as an 
indication of plasmid-mediated resistance or 
sensitivity due to loss of the plasmid. 
 
Statistical analysis 
Data obtained from each experiment were 
statistically analyzed using mean, analysis of variance, 
and Tukey's multiple comparison tests. Values of  
P ≤0.05 were taken as statistically significant32. 
 
Results 
 
Identification of bacterial isolate  
 
Phenotypic characterization 
In the preliminary characterization according to 
Bergey’s manual of determinative bacteriology, all 
the morphological and biochemical characteristics of 
isolate closely resembled the characteristic features of 
Enterobacter sp. Thus, the isolate was preliminarily 
identified as Enterobacter sp. 
 
16S rRNA sequencing  
The comparison of BLAST search of 16S rRNA 
gene sequences of the isolate with 16S rRNA gene 
sequences of NCBI GenBank database and 
phylogenetic analysis revealed 100% similarity and 
evolutionary relatedness of the isolate with 
Enterobacter sp. (Fig. 1). Thus, it was identified as 
Enterobacter sp. The gene sequence of the isolate was 
submitted to NCBI GenBank under the name 
Enterobacter sp. PR14 with accession number 
KP226570. 
 
Production of biocontrol traits 
 
Production of NH3 
Addition of Nessler's reagent in peptone water 
broth inoculated with Enterobacter sp. PR14 resulted 
 
 
Fig 1 — Phylogenetic analysis of Enterobacter sp. PR14 based 
on 16s rRNA gene sequence drawn using the neighbor-joining 
method (MEGA 5.0 software) with evolutionary distances 
computed using Kimura’s two-parameter method showing the 
relationship of PHB depolymerase producing bacteria with the 
validly published sequences of related genera.  
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in the formation of yellow colour indicating the 
production of the copious amount of ammonia by 
Enterobacter sp. PR14.  
 
Production of HCN  
Growth of Enterobacter sp. PR14 on modified 
King’s B agar plate resulted in a change in the colour 
of HCN paper from yellow to brown. This indicated 
the production of HCN by the isolate.  
 
Production of siderophore 
After 30 h growth of the organism on CAS agar, 
the colour of CAS agar changed from blue to orange, 
while the colour of un-inoculated CAS agar (reference) 
remained unchanged. This indicated the ability of 
Enterobacter sp. PR14 to excrete siderophore. The 
addition of cell-free supernatant to CAS solution also 
changed the blue colour of CAS to orange colour 
while the colour of un-inoculated SM (reference) 
remained unchanged. CAS agar test indicated the 
siderophore producing ability of the isolate and CAS 
test confirmed the result of CAS agar. The amount of 
siderophore produced during 30 h submerged growth 
of Enterobacter sp. PR14 in SM was 79% SU.  
 
Production of ACC deaminase 
Growth of isolate on MM containing ammonium 
sulfate indicated its ability to secrete ACC deaminase 
and utilize ammonium sulfate as a substitute of ACC. 
After 48 h growth, the isolate produced ACC 
deaminase activity of 0.8 μM α-ketobutyrate mg/h. 
 
Production of chitinase 
Good growth of Enterobacter sp. PR14 was 
observed on MM containing colloidal chitin as the 
only source of carbon; which reflected the ability of 
the isolate to excrete chitinase that hydrolyzed the 
chitin present in the medium. The submerged growth 
of the organism in MM yielded an optimum chitinase 
activity of 9.7 U/mL with 657 μg/mL protein content. 
 
Tolerance to heavy metals and trace elements 
Enterobacter sp. PR14 grew well in the presence of 
a variety of heavy metals and trace elements. While in 
the case of heavy metal ions the isolate could tolerate 
high concentration (400 µg/mL) of Pb (Fig. 2), 
whereas other heavy metals viz. Au and Hg inhibited 
the growth of the isolate. Among the trace elements, 
the highest threshold level (3200 µg/mL) was 
observed with Al followed by Zn and Mo while 
minimum (50 µg/mL) tolerance was observed with 
Cu (Fig. 2). 
Discussion 
Production of volatile compounds such as ammonia 
is yet another indirect mechanism followed by PGPR 
for plant growth promotion and phytopathogens 
suppression
3
. Joseph et al.
33
 have also reported 
ammonia production in PGPR associated with chickpea. 
Dutta & Thakur
34
 have reported ammonia production in 
various species of Enterobacter isolated from the tea 
rhizosphere. The production of volatile compounds has 
been reported in several species of PGPR. Production of 
ammonia helps in plant growth promotion and 
biocontrol or BCA
11
. The inhibition of fungal 
pathogens’ growth by volatiles produced by bacteria or 
fungi is well reported
10
. 
In HCN test, change in the colour of filter paper 
from yellow to brown-red is due to the secretion of 
HCN that reacts with picric acid solution amended on 
the filter paper
11,35
. Shaikh et al.
36
 have also reported a 
similar colour change during HCN production in 
Pseudomonas sp. isolated from the banana 
rhizosphere. HCN is one of the several volatile 
compounds produced by a wide variety of biocontrol 
strains of P. aeruginosa and various other PGPR
11
. 
Production of HCN in the rhizosphere has been 
reported as one of the major metabolites of PGPR to 
inhibit the growth of phytopathogens and pests
3,4
. 
Rijavek & Lapanje
35
 have reported HCN producing 
Pseudomonas sp. CHAO as a BCA against fungal 
plant pathogens and found that HCN is involved in 
metal tolerance and phosphate nutrition of PGPR 
through phosphate solubilization.  
In siderophore test, change in the colour of CAS 
agar and CAS solution is due to the chelation of iron 
from HDTMA of CAS by siderophore present in the 
broth
22
. The maximum production of siderophore in 
 
 
Fig 2. — The threshold level of tolerance of various heavy metal 
ions and trace elements in Enterobacter sp. PR14 as determined 
by agar diffusion method on each nutrient agar separately 
amended with various soluble heavy metals and trace elements at 
the concentration ranging from 0.6 to 3200 µg/mL. 
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SM is attributed to the iron-free nature of the medium. 
Siderophore production as a means of iron 
solubilization, prevention of iron nutrition of host and 
other metal ion chelators have been reported in a wide 
variety of PGPR including Enterobacter sp.
34,36
. 
Siderophore excreted in the rhizosphere region of the 
plant provide iron nutrition to the plant
29
 serve as the 
first defense against root invading parasites
12
 and 
helps in removing toxic metals from polluted soil
29
. 
Production of ACC deaminase is due to the 
presence of ACC in minimal medium, it is one of the 
important mechanisms of stress tolerance, and many 
PGPR are known to alleviate the effects of stress 
through excretion of ACC deaminase
1
. ACC exuded 
by the plant is degraded by the action of ACC 
deaminase secreted by PGPR present on/in plant roots 
or in the rhizosphere
37
. Kruasuwan & Thamchaipenet
38
 
have reported the ACC deaminase activity of 0.1 μM 
α-ketobutyrate mg/h in endophytic Enterobacter sp. 
EN-21 and have observed the bacterium to be 
effective in salt stress tolerance in sugarcane. Gupta & 
Pandey
39
 have also reported ACC deaminase activity 
of 1.5 μM α-ketobutyrate mg/h in various strains of 
PGPR and found these strains effective in alleviating 
salt stress in French bean.  
Excretion of chitinase in minimal media containing 
colloidal chitin is in response to chitin that induces the 
production of chitinase. The yield of chitinase 
produced by Enterobacter sp. PR 14 is higher than the 
earlier reports. Shaikh et al.
40
 have reported 1.5 U/mL 
of chitinase in S. maltophilia after 48 h of submerged 
growth in MM. Higher yields of chitinase can be 
attributed to more induction of chitinase synthesis in 
the presence of colloidal chitin this reflects the 
metabolic potential of the isolate. Woo & Park
41
 have 
demonstrated chitinase production in response to 
chitin or chitosan induction in Bacillus sp. Dahiya et 
al.
42
 have reported antifungal chitinase from 
Enterobacter sp. NSG 4. Chitinase producing PGPR 
are known to lyse fungal cell wall through 
degradation of chitin polymer of the fungal cell wall 
and hence are of crucial importance in biocontrol of 
fungal phytopathogens
6,7
. 
Growth of Enterobacter sp. PR14 in presence of 
heavy load of metal ions is attributed to its ability to 
produce siderophore and ACC deaminase. 
Siderophore has been reported to chelate a variety of 
metal ions
22,43
. Higher tolerance towards aluminum 
may be due to the ability of an organism to 
accumulate aluminum. While lower tolerance to 
copper may be due to the bactericidal effect of 
copper. Behnsen & Raffatellu
12
 have reported that 
siderophore binds to iron as well as non-iron metal 
ions such as Cu and Zn and is responsible for making 
the PGPR strain resistant to the toxicity of Cu and 
overcome the limitations of Zn. Sayyed et al.
43
 have 
also reported the ability of Enterobacter sp. RZS5 to 
grow at elevated levels of different metal ions. 
Rijavec & Lapanje
35
 have reported metal tolerance in 
HCN producing Pseudomonas CHAO. 
Rhizobacteria are known to produce a variety of 
mechanisms to tolerate various types of stresses, ACC 
deaminase is one such enzyme
44
. Besides this, the 
other possible mechanisms of stress tolerance include 
the presence of metal uptake systems and the 
production of bio-surfactants and exopolysaccharides, 
etc.
29
. Good growth in the presence of elevated levels 
of heavy metal ions has been reported in Enterobacter 
sp. PR14. Sayyed et al.
14,43
 have reported pronounced 
growth and production of various metabolites in 
Enterobacter sp. RZS5 in the presence of higher 
levels of various metal ions. 
Absence of DNA bands in cured cells of 
Enterobacter sp. PR14 indicated the complete loss of 
plasmid DNA. The total CFU after curing was zero 
confirming the absence of viable bacteria either in the 
initial population or after curing
45
. The absence of 
growth of cells devoid of plasmid indicated the loss of 
the ability of an organism to resist the toxic effects of 
heavy metal ions, thus confirming the heavy metal 
resistivity as a plasmid-borne character
46
.  
 
Conclusion 
Although a large number of PGPR strains are 
known to secrete an array of plant-growth-promoting 
and biocontrol traits, only those PGPR which could 
produce a variety of these traits along with stress-
tolerant hormone and are able to grow at higher levels 
of various heavy metal ions can be regarded as 
dynamic PGPR. We report production of various 
biocontrol traits and stress tolerating enzyme; ACC 
deaminase in heavy metal resistant Enterobacter sp. 
PR 14 further the heavy metal tolerance of the isolate 
was confirmed as a plasmid-mediated character. The 
results of this study demonstrated the potential of 
Enterobacter sp. PR14 to produce multiple biocontrol 
traits, such as NH3, HCN, chitinase, siderophore, and 
ACC deaminase, besides its tolerance to higher levels 
of various heavy metal ions, makes it a potential 
BCA, a good candidate for stress tolerance and best 
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tool for bioremediation of heavy metal contaminated 
soil, and thus can be used as a best sustainable 
alternative to recalcitrant inorganic fertilizers, 
chemical fungicides and chemical ion chelators.  
This potential of Enterobacter sp. PR14 could  
be further explored for enhancement of its biocontrol 
activity and tolerance to abiotic stresses such as  
heavy metals and trace elements. This multi-potent 
isolate can be used as stress and heavy metal 
tolerating bioinoculant-cum-BCA and as an agent  
for bioremediation of heavy metal polluted 
agricultural soil.  
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